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We present a general model-independent approach to study the coupled dark energy and the string
Swampland criteria. We show how the dark sector interaction is degenerated with the equation of
state of dark energy in the context of the expansion of the Universe. With priors for either of them,
the dynamics of dark energy and the dark sector interactions can be reconstructed together with
the bounds of the Swampland criteria. Combining cosmic chronometers, baryon acoustic oscillation
(BAO), and Type Ia supernovae our results suggest a mild 1σ significance of dark sector interactions
at low redshift for the coupled quintessence. The Lyman-α BAO at z = 2.34 leads a 2σ signal of
non-zero interactions at high redshift. The implications for coupled quintessence are discussed.
I. INTRODUCTION
The concordance cosmology–a cosmological constant Λ
plus the cold dark matter (CDM), namely ΛCDM model,
has proven to be remarkably successful at describing the
Universe from a wide range of experiments including
cosmic microwave background (CMB), baryon acoustic
oscillations (BAO), Type Ia supernovae (SNe Ia), and
large-scale structures (LSS) [1–5]. Despite the consis-
tency with the observations, ΛCDM model still faces sev-
eral problems [6]. In addition, tensions between different
experiments when fitting the ΛCDMmodel have emerged
in the last decade (see the Hubble tensions [4, 7–10] and
cosmic shear discrepancies [11–13]). These discordances,
if not induced by unknown systematics, challenge the
standard cosmological model and hint at a fundamental
problem or new physics. Many attempts, such as intro-
ducing dynamic dark energy (see reviews [14, 15]) or more
fundamentally modify the general relativity (GR) [16–
18], have been proposed on these issues. Among these
extensions to the baseline ΛCDM model, the interaction
between dark energy and dark matter have also been
studied in the literature [19–24], which is aimed at solving
the coincidence problem and may be an excellent solution
to the H0 and cosmic shear tensions [25].
Quintessence as a canonical scalar field is introduced to
explain cosmic acceleration with a dynamical cosmologi-
cal constant [15, 26]. It is also argued that unless there is
a symmetry, a quintessence field should couple to other
sectors [27]. Given the tight constraint of the couplings
to the standard model particles, the scaler field is at least
considered coupling to dark matter, namely the “coupled
quintessence” [20, 21]. Coupled dark energy is closely re-
lated to modified theories of gravity, for example, there
is a conformal equivalence between the f(R) gravity in
the Jordan frame and the coupled dark energy model in
the Einstein frame [19, 28]. These facts make the inter-
actions between dark energy and dark matter a general
consideration that cannot be excluded a priori.
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Either the coupled phenomenological fluid or the
quintessence of dark energy models have been con-
strained by various data sets in the literature [22–
24, 29, 30]. Usually, a specific form of the dark energy
model together with a coupling should be assumed to
obtain the constraints from the model-fitting methodol-
ogy (see [23] for exponential coupling and exponential
potential of scalar field). A nonparametric and model-
independent approach was proposed by Yang et al. [31]
to reconstruct the interaction between the phenomeno-
logical fluid of dark energy and dark matter. In this
paper, we investigate the coupled dark energy for both
the phenomenological fluid and quintessence.
Recently, the string Swampland criteria on cosmology
has been proposed [32–35]. A common viewpoint is that
GR cannot be the ultimate theory of the universe. We
can however assume that GR might be the low-energy
limit of a well-motivated high-energy UV-complete the-
ory such as the string theory. Thus effective field theory
(EFT) describes this low-energy limits effectively cap-
tures the behavior of the inflaton field and dark energy
phenomena. The landscape of string theory gives a vast
range of choices for how our universe may fit in a consis-
tent quantum theory of gravity. However it is surrounded
by an even bigger swampland of consistent-looking semi-
classical EFTs, which are actually inconsistent [34]. This
could be an indicator that de Sitter vacua may reside in
the Swampland.
One of the Swampland criteria 1 comes from the
de Sitter conjecture: Any scalar field potential from
string theory obeys either Mpl
V′φ
V ≡ c & O(1) (C1) or
M2pl
V′′φ
V ≡ c˜ . −O(1) (C2) [35]. Here φ is the scalar
filed and V is the potential, which are usually built form
quintessence model. Throughout this paper, we set the
reduced Planck mass to be Mpl = 1. The Swampland
criteria have sparked a lot of research recently on cosmol-
ogy [36–41], especially on H0 tensions [42–45]. It turns
1 Another Swampland criterion is the distance conjecture which
says, the range traversed by scalar fields in field space is bounded
by ∆φ
Mpl
. O(1).
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2out that quintessence models exacerbate the Hubble ten-
sions. Recently, Agrawal et al. [46] proposed an interact-
ing quintessence model inspired from distance conjecture,
which leads to a continually reducing dark matter mass
as the scalar field rolls in the recent cosmological epoch,
can reconcile the Hubble tension. However, the couplings
emerge from z ≈ 15 where the observations are rare.
Like the dark sector interaction, traditional constraints
of the Swampland criteria confronting the cosmological
data sets were performed by the model-fitting method-
ology [36, 47]. In particular, Wang [48] fitted the cos-
mological model with a large parameter space including
the coupling to various data sets . Recently, a model-
independent approach was proposed by [49] to recon-
struct C1 but they assumed no interaction in the dark
sector, which is not general in the literature.
In this paper, without assuming any cosmological mod-
els, we investigate a model-independent approach to re-
construct the coupled dark energy and the bounds of the
Swampland criteria in the context of the expansion of the
Universe.
II. METHOD SET-UP
We consider a quintessence scalar field φ coupled to
the non-relativistic dark matter. In the presence of this
dark-sector interaction, the dark matter density no longer
scales as a−3 but ρc ∼ f/a3. Here f is an arbitrary
function of φ to denote the coupling [21]. To be consistent
with the equivalence principle and solar-system tests of
gravity [50, 51], we do not couple φ to baryons 2. Without
loss of generality, we assume at present time f0 = 1. In
the flat Friedmann-Lemaître-Robertson-Walker (FLRW)
spacetime, the Friedmann and continuity equations for
every species are
3H2 = ρφ + ρc + ρb , (1)
ρ˙c + 3Hρc = 3H
2
0 Ωc
f˙
a3 , (2)
ρ˙φ + 3H(1 + wφ)ρφ = −3H20 Ωc f˙a3 , (3)
ρ˙b + 3Hρb = 0 . (4)
Here a is the scale factor, H = a˙/a is the Hubble pa-
rameter and dots denote time derivatives. The energy
density and pressure of the scalar field are ρφ = 12 φ˙
2 +V
and Pφ = 12 φ˙
2 − V , with the field potential V and equa-
tion of state wφ = Pφ/ρφ. ΩX = ρX0/3H20 denotes the
present values of the density parameters. Since we focus
on the late-time Universe, the radiation contributions are
ignored.
2 Actually, introducing a universal coupling between dark energy
and the total non-relativistic matter including the subdominant
baryons only slightly changes our results.
After some algebra, we can get the equations for the
kinetic term and potential of the scalar field,
φ˙2 = −2H˙ − 3H20
Ωcf + Ωb
a3
, (5)
V = H˙ + 3H2 − 3
2
H20
Ωcf + Ωb
a3
, (6)
V˙ = H¨ + 6HH˙ − 3
2
H20
Ωcf˙ − 3H(Ωcf + Ωb)
a3
. (7)
The above equations make it possible to relate the
Swampland criteria to the expansion data sets of the
Universe and the coupling between dark energy and dark
matter. For the uncoupled case f = 1, we recover the
formulae in [49].
To relate the coupling and the equation of state of the
scaler field, wφ = (−2H˙−3H2)/(3H2−3H20 Ωcf+Ωba3 ). We
have
f =
a3
3H20 Ωc
(
2H˙ + 3H2(1 + wφ)
wφ
)
− Ωb
Ωc
, (8)
f˙ =
a3
3H20 Ωc
(
(9H3 + 6HH˙) +
12HH˙ + 2H¨ + 9H3
wφ
− (2H˙ + 3H
2)w˙φ
w2φ
)
. (9)
Eqs. (8) and (9) are also valid for the phenomeno-
logical dark energy with a general equation of state w.
The equation of state of dark energy is degenerated with
the dark sector interactions in the context of the back-
ground expansion observations (e.g. Hubble parameter,
distance). That is, for a fixed background expansion, wφ
(or a general w) and f can be reconstructed only if ei-
ther of them is given. In other words, the dynamics of
the dark energy and dark sector interactions counterbal-
ance each other to give the expansion of the Universe
measured from the observations. Note that in order to
reconstruct the functions from the data sets, we should
convert the time derivatives to redshift derivatives in all
equations through the relation ddt = −H(1 + z) ddz .
For the coupled quintessence, we can directly relate φ˙2,
V , V˙ to the equation of state of the scaler field
φ˙2 = −1 + wφ
wφ
(2H˙ + 3H2) , (10)
V =
(wφ − 1)(2H˙ + 3H2)
2wφ
, (11)
V˙ =
wφ(wφ − 1)(2H¨ + 6HH˙) + w˙φ(2H˙ + 3H2)
2w2φ
.(12)
The derivations of φ¨ and V¨ are straightforward. Having
the prior of wφ, we can reconstruct the dark sector inter-
actions (f , f˙) and the Swampland criteria |V′φ|V =
|V˙ /φ˙|
V
or V′′φV = (
V¨
φ˙2
− φ¨V˙
φ˙3
)/V simultaneously.
3Equations (5-12) suggest that using the the expansion
data sets of the Universe, we can reconstruct the dynam-
ics of the dark energy, the kinetic term and potential of
the scalar field, the dark sector interactions, and the final
swampland criteria if we set a prior for either the cou-
pling f or the equation of state of dark energy w (for
quintessence, wφ > −1 should be hold).
Instead of the Hubble parameter, the distance can also
be incorporated in the equations above using the rela-
tions H(z)−1 ∼ d(DL/(1 + z))/dz ∼ d(DA(1 + z))/dz.
Here DL is the luminosity distance and DA is the angular
diameter distance. In this paper, we stick to using the
the Hubble observations.
We consider three data sets related to the expansion
of the Universe:
• 31 H(z) data from cosmic chronometers (CC) ob-
tained using the differential-age technique. We use
the compilation in Table 1 of Gómez-Valent and
Amendola [52] (also see references therein);
• 18 H(z) data from the homogenized model-
independent BAO compiled in Table 2 of Mag-
ana et al. [53]. But we substitute the last three
high redshift z = 2.33, 2.34, 2.36 Lyman-α (Lyα)
BAO [54–56] with the latest update at z = 2.34
from eBOSS DR14 [57, 58]. Note we adopt the
Planck sound horizon around 147 Mpc at the drag
epoch;
• 6 E(z) data from Pantheon+MCT SNe Ia Mea-
surements given by Riess et al. [59]. Here E(z) =
H(z)/H0 is the Hubble rate. For the z = 1.5 point
we adopt the gaussian approximation by Gómez-
Valent [60].
For the compatibility of the three data sets that we
use for the reconstructions, we convert all the H(z) data
to E(z) data by setting a fiducial value of H0. Again, in
the spirit of a model-independent approach, we set the
fiducial value of H0 estimated from the non-parametric
reconstruction using CC+BAO H(z) data. We get the
mean H0 = 67.72 km s−1 Mpc−1, which is consistent
with Planck 3. We rewrite Eqs. (5-12) to substitute H
with E by dividing (H0)n on both sides of the equations.
Here n relates to the dimensions of the equations quan-
tified by H0. Then the dimensionless parameters we can
reconstruct are actually φ˙
2
H20
, V
H20
, V˙
H30
, f , f˙H0 , wφ (or w),
c, and c˜, etc.
3 The lower value of H0 is caused by the Lyα BAO at high
redshift. We find without Lyα the reconstructed H0 is
69.03 km s−1 Mpc−1. However our approach is not sensitive
to the value of H0.
III. RECONSTRUCTIONS
We use Gaussian process 4, a machine learning method
which have been widely used in the data analysis of cos-
mology especially for the model-independent reconstruc-
tions of the cosmological parameters (see [61, 62] and ref-
erences therein), to reconstruct E(z), E′(z), E′′(z) and
E′′′(z) from the three date sets combination. In this
paper, we adopt the value Ωc = 0.26 and Ωb = 0.05
from Planck [4]. From these E(n)(z) reconstructions
with their covariance, we first check the uncoupled case
in Eqs. (5-7). For uncoupled quintessence, our recon-
structed Swampland criteria C1 (see Fig. 1) is consis-
tent with Elizalde and Khurshudyan [49]. Note that for
quintessence as dark energy, we should stick to w > −1
(no phantom). From Eq. (10), this amounts to ensuring
a positive value of the kinetic term φ˙2. The equation of
state of either the phenomenological dark energy or the
quintessence is also shown in Fig. 1. The results show
that the data sets are consistent with the ΛCDM model
(w = −1 and f˙ = 0). The upper bound of the Swamp-
land criterion C1 at z = 0 is 1.23 at 95% significance 5.
For coupled dark energy, as we demonstrate in Sec. II,
the priors of either the equation of state of dark energy
or the dark sector interactions should be given to recon-
struct the cosmological parameters. Since there are var-
ious forms for the small (generally speaking) couplings,
setting priors on coupling is not rational. In this paper
we use the priors of the equation of state of dark en-
ergy which has definite parameterizations (such as CPL)
and has been constrained or reconstructed from different
observations [4, 18, 63, 64]. We extract the constraints
of CPL form w(z) = w0 + wa z1+z from Planck [4] with
the corresponding released covariance of w0 and wa 6.
The reconstructions of the dark sector interactions and
Swampland criteria C1 are shown in Fig. 2. Our results
suggest a 1σ signal of non-zero dark sector interactions
for the coupled quintessence at low redshift and a 2σ sig-
nal at z > 2 for both the phenomenological dark energy
and quintessence. In this paper we do not assume any
cosmological model for either the dark energy or the cou-
plings. Traditionally the interaction term is a parametric
form of Q in the literature, where ρ˙c + 3Hρc = Q ∼ f˙ .
Though we plot the interaction results for both f and
f˙ , f is less meaningful since f is only defined up to a
constant that can be absorbed in Ωc. Note that whether
f˙ is zero or not is independent of the values of the the
density parameters. The upper bound of the Swampland
4 In this paper we adopt the usual Matérn (ν = 9/2) kernel func-
tion for the Gaussian process since we can reconstruct the third
derivative of the function. However, we have checked the other
kernel function such as the exponential form will lead only a
slightly different result.
5 We do not show the results of C2 in this paper because of the
poor reconstructions using present data sets.
6 https://pla.esac.esa.int
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FIG. 1. Reconstructions of the equation of state of dark energy (left) and Swampland criterion C1 (right) for the uncoupled
dark energy. We show 68% and 95% confidence level with the dark and light colors. The dashed denotes the mean of the
reconstruction.
criterion C1 at z = 0 is 4.44 at 95% significance.
IV. CONCLUSIONS AND DISCUSSIONS
In this paper, we investigated a model-independent
approach to reconstruct the coupled dark energy and
Swampland criteria in the context of the expansion of
the Universe. We showed how the dynamics of dark en-
ergy and the dark sector interactions are degenerated and
counterbalance each other in a fixed Universe expansion.
Based on the expansion data from cosmic chronometers,
BAO (including Lyα at z = 2.34 ) and SNe Ia, our re-
sults suggest a mild and significant non-zero dark sector
interaction at low (z < 0.3) and high (z > 2) redshift re-
spectively for the coupled quintessence. The Swampland
criteria cannot be ruled out at present stage.
The mild deviations of non-zero f˙ emerge at low red-
shift come from the compensation of the bias we stick to
quintessence w > −1. This can be regarded as an in-
dication of the preference of ΛCDM over quintessence.
The inconsistency between Lyα and ΛCDM model at
high redshift have been alleviated from 2.3σ to 1.7σ
significance [4] with the latest update from eBOSS
DR14 [57, 58]. In this paper we can interpret the in-
consistency as a signal of dark sector interactions.
The flow of the dark sector interaction from dark mat-
ter to dark energy in the quintessence model at the
low redshift is consistent with other model-fitting re-
sults [22, 25]. This is a result of the restriction for
w > −1. While the flow from dark energy to dark matter
induced by Lyα at high redshift contradicts the interact-
ing quintessence proposed by Agrawal et al. [46] from
string theory to alleviate the Hubble tension. All im-
plications of our results cast a shadow over quintessence
model.
Assuming no dark sector interaction, reconstructions
of the dynamics of dark energy are consistent with the
cosmological constant. While setting priors on the equa-
tion of state from Planck, which is consistent with w =
−1, Lyα BAO at z = 2.34 give a 2σ deviation from null
dark section interaction at z > 2. This means the dark
sector interaction is more sensitive to the data anomaly
than the dynamics of dark energy in our approach. This
can be seen from the Eq. (9), where the interactions rely
on the second derivative of the Hubble parameter. This
inspires that the evidence of the dynamics of the dark en-
ergy presented by Zhao et al. [63] can also be interpreted
as a signal of null-zero dark sector interactions.
Interestingly, from the model-independent reconstruc-
tion the anomalous Lyα BAO at z = 2.34 gives a lower
value of H0 = 67.72 km s−1 Mpc−1 which is very con-
sistent with Planck. While in the case without Lyα,
H0 = 69.03 km s
−1 Mpc−1 is consistent with the lo-
cal SNe Ia calibrated by Tip of the Red Giant Branch
(TRGB) [65, 66]. However, our approach is insensitive
to the value of H0 which is cancelled in the reconstruc-
tions of f , c or c˜. As for f˙/H0, the rescaling will not
influence the statistics of the deviations from 0.
Our methodology in this paper is very general in the
context of the model-independent approach. In principle,
any machine-learning techniques applied on the regres-
sion or reconstruction of functions from the large data
sets are suitable for our approach. The Deep Learn-
ing [67, 68] and Artificial Neural Networks [69] developed
recently provide rich alternatives of applications in cos-
mology.
We have mentioned that distance data can also be in-
corporated in the formulae. Actually from Gaussian pro-
cess, the Hubble parameter, which is inversely propor-
tional to the derivative of distance, can be combined with
the luminosity distance and angular diameter distance
data sets to jointly reconstruct cosmological parameters.
This gives a possibility of using standard candles such as
quasars [70] and gamma ray bursts [71] at high redshift.
In addition, future cosmic probes such as Euclid [72],
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FIG. 2. Reconstructions of the dark sector interactions (left) and Swampland criterion C1 (right) for the coupled dark energy.
We only show 68% confidence level for the dark sector interactions. The red dashed line denotes a null interaction. The priors
of w(z) = w0 + wa z1+z are extracted from Planck.
DESI [73] and gravitational wave standard sirens [74–76]
can play very import role in the test of ΛCDM model at
very high redshift.
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